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Abstract. Slot antennas are very popular microwave 
antennas and slotted waveguides are used for high 
frequency radar systems. A thin slot in an infinite ground 
plane is the complement to a dipole in free space. This was 
described by H.G. Booker [2] who extended Babinet’s 
principle from optics to show that the slot will have the 
same radiation pattern as a dipole such that the E and H 
fields are swapped. As a result, the polarization is rotated, 
so that radiation from vertical slot is polarized 
horizontally. In this work we show how analytical 
techniques can be used for optimization of THz slot 
antennas, the analysis is then corroborated by using a 
numerical simulation which validates the performance 
parameters predicted by the analytical technique.  
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1. Introduction 
Slot antennas are very popular microwave antennas 
and slotted waveguides are used for high frequency radar 
systems [1,2,3,4,5,6,7,8,9,10,11,12,13]. A thin slot in an 
infinite ground plane is the complement to a dipole in free 
space. This was described by H.G. Booker [2] who 
extended Babinet’s principle from optics to show that the 
slot will have the same radiation pattern as a dipole such 
that the E and H fields are swapped. As a result, the 
polarization is rotated, so that radiation from vertical slot is 
polarized horizontally. For instance, a vertical slot has the 
same pattern as a horizontal dipole with the same 
dimensions and we are able to calculate the radiation 
pattern of a dipole. Thus, a longitudinal slot in the broad 
wall of a waveguide radiates just like a dipole 
perpendicular to the slot. By using this principle, it is easier 
to analyze slots antennas using the theory of dipole 
antennas. The slots are typically thin and 0.5 wavelengths 
long. The position of the slots affects the intensity of the 
transmitted power by being a direct cause to the impedance 
matching of the antenna, good impedance matching will 
cause maximum efficiency of the power transmission.  
In this paper an antenna based on a slotted waveguide 
is analyzed analytically and designed for THz band (at 
frequencies of about 330 GHz).   
In section 2, the antenna design is presented and the 
waveguide dimensions and the operation frequency are 
briefly discussed. First we describe a single slot on a 
rectangular waveguide and it is shown that it can be 
described using a model of a transmission line. By using 
this model, equations that relate the slot position to the 
transmitted power were developed. This model was 
expanded for an array of slots on a rectangular waveguide 
in order to design the slots antenna. In section 3, antenna 
based on slotted rectangular waveguide in the THz band 
was designed and simulated. The conclusions are given in 
section 4. 
2. Antenna Design and Operation 
 
In order to understand the slotted waveguide antenna, 
we will need to understand the fields within the waveguides 
first. In a waveguide, we are looking for solutions of 
Maxell’s equations that are propagating along the guiding 
direction (the z direction). Thus, the electric and magnetic 
fields are assumed to have the form: 
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Where   is the propagation wavenumber along the 
guide direction. The corresponding guide wavelength, is 
denoted by ./2  g  
It is assumed that the reader is familiar with waveguide 
mode theory [1], and thus it will be stated without proof 
that the TE  field components in rectangular guide have the 
form: 
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Where a  is shorthand for the double index mn  and: 
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The cutoff frequency of 
mnTE  mode is expressed by the 
form: 
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And the dominant mode fields,
10TE , are given by:  
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Figure 1 shows the waveguide description, the 
waveguide walls are perfectly conducting and the 
dimensions are chosen so that all modes except 
10TE  are 
cut off. 
 
Fig. 1. The waveguide description. 
This information needs to be applied to scattering off a 
slot cut in one of the walls of the waveguide. If the 
waveguide is assumed to be infinitely long and a 
10TE  
mode is launched from z , traveling in the positive z-
direction, the incidence of this mode on the slot will cause 
backwards and forwards scattering of this mode and 
radiation into outer space is possible. 
Figure 2 shows the geometry of the slot antenna. It is 
assumed that the waveguide walls have negligible thickness 
and are composed of perfect conductor. The slot is 
rectangular with length l2  and width w where wl 2 . 
 
 Fig. 2. An offset longitudinal slot in the upper broad wall of a 
rectangular waveguide. 
The forward and backward scattering off this slot in the 
10TE  mode will be [1]: 
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respectively. In which )()( 1 zEwzV x  is the voltage 
distribution in the slot. A slot in a large ground plane can be 
described as a two wire transmission line that fed at the 
central points, these “wires” are shorted at lz   as shown 
in figure 3. 
 
 Fig. 3. Center-fed slot in a large ground plane. 
Detailed analysis shows that the voltage distribution in 
the slot will be a symmetrical standing wave of the form: 
 )](sin[)( zlkVzV m  .  (7) 
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When inserting (7) in (6) we will obtain: 
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It is important to observe that the scattering off the slot 
being symmetrical, that is .1010 CB   this implies that the 
slot is equivalent to shunt obstacle on a two wire 
transmission line. To see this, consider the situation 
suggested by figure 4. A transmission line of characteristic 
admittance 
0G  is shunted at 0z  by a lumped admittance 
.Y   
 
 Fig. 4. A shunt obstacle on a two wire transmission line. 
The voltage and current on the line are given by: 
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The boundary conditions are: 
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Which when inserted in (9), give: 
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The usefulness of (11) lies in the fact that, by analogy, if 
one can find the ratio )/(2 101010 BAB   for the slot, one 
can then say that the slot has equivalent normalized shunt 
admittance equal to that ratio. 
The slot is said to be resonant if 
0/ GY  is pure real. If 
we take 
10A  to be pure real, it follows that the resonant 
conductance of the slot is given by: 
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Where 
10B  is perforce pure real also. What this implies 
is that, for a given displacement 
1x  of the slot, it is assumed 
in (12) that the length l2  of the slot has been adjusted so 
that 
10B  is either in phase with, or out of phase with, 10A . 
The incident power is given by: 
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In like manner, one finds that the reflected and 
transmitted powers are: 
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If use is made of the information that 
1010 CB   and 
that all three amplitudes are pure real, then we can find 
expression to the power radiation: 
 
)(
)/(2
1010102
10 BAB
a
ab
radiationpower
PPPradiationpower trrefinc



 .  (15) 
In [2] it is shown that the impedance relationship 
between slot and complementary dipole is: 
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Where 377  and  73
dipole
radR , by using (16) 
we can find that  486
slot
radR . If we express the 
radiation resistance of the slot by
609.0
4/
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we can find that: 
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If eliminated 
mV  from (18) and (8), the result is:  
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When the substitution )2/(1 axx   is made and 
2/kl  is used, one obtains:  
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In which x  is the offset from the center line of the 
broad wall. Equation (20) indicates that the normalized 
conductance of a resonant longitudinal slot in the broad 
wall of a rectangular waveguide is approximately equal to a 
constant times the square of the sine of an angle 
proportional to its offset. From the point of view of the 
waveguide, the slot is shunt impedance across the 
transmission line, or equivalent admittance loading the 
transmission line. When the admittance of the slot (or 
combined admittance of all slots) equals the admittance of 
the guide, then we have matched transmission line and 
maximum power radiated.  
In like manner, the circuit model of slotted waveguide 
antenna depicted in figure 5. 
 
 Fig. 5. Circuit model of slotted waveguide antenna. 
The last slot is a distance d  from the end (which is 
shorted-circuited, as seen in figure 5), and the slot elements 
are spaced a distance L  from each other. The distance 
between the last slot and the end: d , is chosen to be a 
quarter-wavelength. Transmission line theory [1] states that 
impedance of a short circuit a quarter-wavelength down a 
transmission line is an open circuit, hence, figure 5 then 
reduces to: 
 
 Fig. 6. Circuit model of slotted waveguide using quarter-
wavelength transformation 
The input admittance for an N element slotted array is: 
 
SNYY  .  (21) 
 
Sometimes the closed end is spaced 
g4
3  for 
mechanical reasons; the additional half-wavelength is 
transparent. Spacing the slots at 
g2
1  intervals in the 
waveguide is an electrical spacing of 180  - each slot is 
exactly out of phase with its neighbors, so their radiation 
will cancel each other. However, slots on opposite sides of 
the centerline of the guide will be out of phase, so we can 
alternate the slot displacement around the centerline and 
have a total phase difference of 360  between slots, putting 
them back in phase.  
A photograph of a complete waveguide slot antenna is 
shown in figure 7. This example has 6 slots on each side for 
a total of 12 slots. The slots have identical length and 
spacing along the waveguide. Note how the slot position 
alternates about the centerline of the guide. The far wall of 
the waveguide has an identical slot pattern, so you can see 
through the slots. 
 
 Fig. 7. Example of waveguide slot antenna. 
A simple way to estimate the gain of slot antenna is to 
remember that is an array of dipoles. Each time we double 
the number of dipoles, we double the gain, or add 3 dB. 
The approximate gain formula is thus 
dBiNGain )log(10  for N total slots. Ref [3] gives 
better formulas for the gain and beam width:  
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It is known from [4] that the slot width should be taken 
as 
20
gw

 . But, measurements taken by Stegen in [5] 
were based on a slot width of 1.5875 mm in WR-90 
waveguide. For other waveguide sizes, the slot width 
should be scaled accordingly. 
3. Slot Antenna Design and 
Simulation 
We can summarize the design procedure for waveguide 
slot antenna as follows: 
1. Choose the number of slots required for the desired 
gain and beam width. 
2. Choose a waveguide size appropriated for the 
operating frequency. 
3. Calculate the wavelength in the waveguide at the 
operating frequency. 
4. Determine the slot dimensions, length and width 
appropriated for the operating frequency. 
5. Determine the slot position from centerline for 
normalized admittance of 1/N, where N is the number of 
slots in both walls of the waveguide. 
6.  Space 
g4
1  or 
g4
3  between the center of the 
last slot and the end of the waveguide. 
For a THz slot antenna design at operation frequency of 
330 GHz. The waveguide dimensions are chosen so that all 
modes except 
10TE  are cut off. The waveguide is WR3 
with the dimensions of 0.864x0.432 ][ 2mm . 
The wavelengths are:  
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By choosing 256 slots we will obtain:  
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So the resolution at 10 m is 11.74 [cm]. 
The slot dimensions are: 
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The offset from the center line of the broad wall is: 
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Figures 8 and 9 shows a model performed using CST 
Microwave Studio according to the analytical design, the 
simulation result for the radiation pattern, gain and beam 
width depicted in figures 10-14. 
 
Fig. 8. Slot antenna model using CST Microwave Studio. 
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Fig. 9. Slot antenna model using CST Microwave Studio (zoomed in). 
 
Fig. 10. Radiation pattern simulation result. 
 
 
Fig. 11. Radiation pattern simulation result (x-axis view). 
 
Fig. 12. Radiation pattern simulation result (z-axis view).  
 
Fig. 13. Azimuth radiation pattern simulation result. 
 
Fig. 14. Elevation radiation pattern simulation result. 
The simulation results show that the antenna gain is 
18.4 dBi and the azimuth beam width is 7.1  compared to 
21.8 dBi and 7.0  in the analytical design. 
There is a small difference between the analytical and 
simulation results, the difference is due to the simplifying 
assumptions that were taken in the analytical design (wall 
thickness was ignored; waveguide length was taken as 
infinity etc.). Despite the difference between analytical and 
the simulation results, good approximation of antenna's 
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performance, antenna's pattern, beamwidth and gain can be 
made. 
4. Conclusion 
In this paper, slot antenna based on rectangular 
waveguide has been presented and investigated. It has been 
shown that slot antenna in the high frequency regime can be 
analyzed and optimized by an analytical model this was 
verified using a simulation software. To optimize the design 
and obtain the required antenna's pattern and performance it 
is first recommended to use an analytical model of the 
antenna. Using the analytical design information one can 
perform a simulation. Then, according to the simulation 
results, modify the parameters until the optimum results are 
obtained. 
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